Abstract. In manufacturing a lenticular display system, precise alignment of the lenticular sheet on the LCD panel may not be practically achievable. Hence, observed view images inevitably produce unwanted distortion. We propose a novel method to alleviate the display distortion of each observed view image in a lenticular 3-D display. We first derive the relationship between subpixel values on the LCD pixel array and the image to be observed at each viewing zone in terms of system design parameters and the viewer's eye position. Based on this relationship, we analyze the distortion between the observed and original view images. We then derive a compensation algorithm to minimize the distortion and generate high-quality 3-D images. To verify the proposed scheme, we examine displayed results from several 3-D images of synthetic and real scenes. The results demonstrate that the proposed scheme significantly reduces distortions and improves the image quality in the lenticular display system.
Introduction
Various display technologies have been developed to visualize 3-D images. Among them, autostereoscopic displays such as volumetric, 1 lenticular, 2 parallax barrier, and integral photography, 3 as well as hologram displays present 3-D images to a viewer without the necessity of wearing glasses or utilizing other aids. 4 Autostereoscopic systems display many different view images in time or spatially. Among these systems, the lenticular display is one of the most popular, because it can be easily manufactured, provides high brightness, and generates multiple views. 2, 5 In a lenticular display system, the LCD pixel array is located at the focal plane of a lenticular sheet. Thereby, lenticulae refract the light from the LCD pixel array, and cause different images to be observed depending on the viewer's eye position. Since the images viewed from the left and right eyes are different, the system can generate stereoscopic information or a 3-D image display. 6 For an N-view lenticular display, N different view images are first prepared and multiplexed to generate a multiview image. [7] [8] [9] Then, the generated image is allocated to a LCD pixel array to provide N different views depending on the viewer's eye position. However, the resolution of an observed view image, or the eventual 3-D display resolution, is inversely proportional to N. If multiple views are obtained by sacrificing the horizontal resolution only, the horizontal and vertical resolution of an observed view image would be imbalanced. Hence, to distribute the resolution degradation in both the x and y directions, a slanted structure of lenticulae has been introduced. 10 A practical lenticular display system generally cannot provide satisfactory 3-D display quality. This quality degradation is mainly due to two major problems, one that is intrinsic and the other extrinsic. Intrinsically, rays from a viewer's eye to the lenticulae placed on the LCD panel are not parallel with each other. However, a practical system may assume parallel rays for ease of manufacturing, thereby causing undesirable display distortion. The extrinsic problem is that lenticulae may not be precisely aligned on the LCD panel, especially when lenticulae are slanted to solve the imbalance problem between horizontal and vertical resolutions. This alignment error causes considerable distortions in the 3-D display. To alleviate these two major problems, we propose two methods to generate a more appropriate multiview image for a lenticular display with less distortion.
The remainder of this paper is organized as follows. Section 2 describes the problems in the lenticular display in detail. The modeling and compensation methods are introduced in Secs. 3 and 4, respectively. Section 5 provides experimental results. Finally, conclusions are presented in Sec. 6.
Two Major Sources of Image Distortion
For an N-view lenticular display system, N different images should be viewed, respectively, according to the eye position. However, this cannot be practically achievable due to misalignment of the lenticular sheet and nonparallelism of rays from the lenticulae to the viewer's eye. In the following subsections, we analyze these major problems in detail and consider the corresponding distortions. Figure 1 shows a conceptual illustration of an N-view lenticular display system. In the figure, we assume that a pixel consists of three subpixels, and each subpixel refers to a red, blue, or green component. Here v k denotes a region on the LCD panel viewed from the k'th viewing zone. 11 Since the left and right eyes of a viewer are located at different viewing zones, their corresponding viewed regions, v 6 and v 7 in the figure, can provide stereoscopic information. As shown in the figure, N viewed regions, v 1 to v N , are covered by a single lenticula and repeated on the LCD panel. Note here that the number of subpixels covered by a lenticula may be different, depending on the design of the lenticulae. In other words, v k may not be exactly matched to a single subpixel ͑see Fig. 1͒ .
Nonparallel Rays from Lenticulae to a Viewer's Eye
To provide a reliable 3-D image, regions viewed from the k'th viewing zone should belong to v k regions only. Therefore, the rays from a viewer's eye to the lenticulae should be parallel, as shown in Fig. 2͑a͒ . In a practical case, however, since the distance from the viewer's eye to the LCD panel is comparable to the width of the LCD panel, those rays cannot be considered parallel. Hence, an observed view image may include pixels from several different views rather than a single view ͓see Fig. 2͑b͔͒ . This causes undesirable 3-D image distortion. In the example depicted in Fig. 2͑b͒ , if the viewer's eye sees a left-side lenticula, region v 3 is observed. Similarly, when a right- side lenticula is seen, v 5 , not v 3 , is observed. Thereby, at the same eye position, an observed image consists of different views rather than a single view.
Lenticular Misalignment
As noted in the introduction, a slanted lenticular sheet can be employed to alleviate the imbalance between the horizontal and vertical resolutions. 4 In attaching a slanted lenticular sheet on the LCD panel, lenticulae may not be precisely aligned without error. Although this alignment error is very small, it can severely affect the display quality. There are two kinds of alignment error, translational and rotational errors.
The effect of a translational alignment error is illustrated in Fig. 3 . In the figure, solid and dashed lines represent precisely aligned and misaligned cases, respectively. When a viewer's eye at the center position sees the center of the LCD, it will observe the center of the LCD pixel array. To observe the same position in the misaligned case, the eye should be shifted, as in the figure. Hence, the misalignment causes an unexpected shift of the viewing zone. Figure 4 shows a 9-view slanted lenticular system with and without rotational alignment error to illustrate the effect of this type of error; R k , G k , and B k on the LCD panel represent subpixel intensities at the corresponding position in the k'th original view image. For simplicity, we assume that the rays are parallel. If a lenticular sheet is precisely aligned on the LCD pixel array, as shown in Fig. 4͑a͒ , a view image observed from the k'th viewing zone consists of the pixels from the k'th view image and the pixels from its neighboring ͑k −1͒'th and ͑k +1͒'th view images. For example, a viewer at the fifth viewing zone sees the subpixels on gray lines located at the centers of the lenticulae. At the first gray line, the viewer sees B 5 at the first row, B 4 and R 6 at the second row, R 5 at the third row, and so on. Meanwhile, when a lenticular sheet is placed on the LCD pixel array with a rotational alignment error, the viewer sees irrelevant sub-pixels. As shown in Fig. 4͑b͒ , the view image observed from the fifth viewing zone includes pixels from several different view images rather than pixels only from the fifth view image and its neighboring fourth and sixth images. Therefore, the observed view image includes unwanted distortion.
Misalignment Detection
To alleviate the display distortion due to lenticular misalignment, the misalignment must first be detected. We first consider rotational error detection followed by translational error detection. Let us define the design parameters of a lenticular sheet, p and q, as the lenticular pitch and horizontal shift of a lenticula between successive rows, respectively ͓see Fig. 4͑a͔͒ . If a slanted lenticular sheet has a rotational alignment error, we assume that the new values of p and q become pЈ and qЈ, as in Fig. 4͑b͒ . Since the rotational error is not known in practice, the values of pЈ and qЈ are predicted for compensation. If e p denotes the error of a lenticular pitch,
In this paper, we normalize the values p, pЈ, and e p with the width of a subpixel for convenience. In an erroneous case, as in Fig. 4͑b͒ , the view numbers of observed pixels gradually increase or decrease along the horizontal direction. If e p is positive, the view numbers increase, and if negative, they decrease. If we define the accumulated error value at the i'th lenticula as
the total accumulated error is given as
where N L denotes the total number of lenticulae along the horizontal direction. Fig. 4 to 255. Then, for the precisely aligned case, the color of the observed image at a certain viewing zone should always be uniform over the whole screen. For a misaligned case, however, the color of the observed image subsequently changes from red to green, blue, and red ͑or from red to blue, green, and red͒ along the horizontal direction, because the view number of observed pixels gradually increases ͑or decreases͒ with a positive ͑or negative͒ sign of e p . Hence, if we assume that N cch denotes the number of color changes along the horizontal direction, then
Hence, from Eqs. ͑3͒ and ͑4͒, ͉e p ͉ can be predicted as 
and the sign is determined by the changing order of color. Similarly, the error of q ͑the horizontal shift of a lenticula between successive rows͒, or e q , given in Fig. 4͑b͒ , can be predicted. If the error of q at the j'th row is e q,j , e q,j = j ϫ e q , ͑6͒
where
Then, the error at the last row becomes
If we assume that N ccv denotes the number of color changes along the vertical direction, then
Hence, from Eqs. ͑8͒ and ͑9͒, ͉e q ͉ can be predicted as
and the sign is determined by the changing order of color. Meanwhile, to predict the translation error e t , illustrated in Fig. 3 , we generate a multiview image by setting all the pixel values of the view image at the center viewing zone to 255 and the others to 0. If there is no translational error, the observed image at the center viewing zone is white, and the images at the other viewing zones are black. Meanwhile, if translational error exists, the viewing zone where the white image is observed is shifted from the center one. Therefore, e t can be obtained by measuring the shifted amount of the viewing zone N t , namely,
Here, interestingly, N t is always less than N. Note also that, since the rotational error makes accurate measurement of the viewing zone shift difficult, the prediction of e t is performed after compensating for the rotational error.
Compensation Method
In this section, we first describe the observed image at each viewing zone, in terms of the design parameters of the lenticular display system, the viewer's eye position, and the subpixel values of the multiview image. We then estimate errors between the observed and original images at each viewing zone. Finally, based on the estimated errors, we suggest a method for modifying the multiview image to compensate the distortion of the observed images.
Modeling of Lenticula
Since rays from lenticulae to a viewer's eye are not parallel, the position inside a lenticula observed at each viewing zone is different depending on the lenticula. To solve this nonparallel ray problem ͑also noted in Sec. 2.1͒, we model the system in detail. Let us assume that the viewer's left eye sees the second lenticula as illustrated in Fig. 1 
where n r is the refractive index of lenticulae. From Fig. 1 ,
Using Eqs. ͑12͒ and ͑13͒, we can represent d as
Therefore, by calculating d for each lenticula, we can obtain the exact pixel position on the LCD panel that corresponds to a pixel in the image observed at a certain viewing zone. It is desirable to design lenticulae such that the width of the region observed through a lenticula by the viewer's eye is equal to or smaller than that of one subpixel in the LCD pixel array. Hence, as in Fig. 1 , we assume that the width of an observed region h is 2 ͑or the width of 2 subpixels͒ at most. Here, the center of the observed region can be predicted by the ray passing through the lenticular center.
Relationship Between an Observed Image and
Pixel Values on the LCD Pixel Array Since we assume that the maximum width of an observed region h is 2, the observed region must lie within 3 subpixels. We then assume that the intensity of an observed region can be given as the weighted sum of the corresponding subpixel intensities and the weighting factor of each subpixel is proportional to the area overlapped with the region. In Fig. 5 , we examine the relationship between an observed image and the LCD image. In the figure, we consider only the j'th row in the LCD pixel array, even though we omit the index j in the notation for simplicity. If q off denotes the distance from the left boundary of the LCD panel to the left edge of the first lenticula, at the j'th row,
Here, a is the integer value satisfying a ഛ a Ͻ a +1. If D i,k denotes the horizontal distance from the left boundary of the LCD panel to the center of the region observed at the i'th lenticula from the k'th viewing zone ͑i = 2 and k =3 in Fig. 5͒ ,
and d i,k can be calculated using Eq. ͑14͒. Note that the values of d i,k are the same for parallel rays. The region observed by the viewer then becomes
, and the intensity observed from the i'th lenticula at the k'th viewing zone ͑or the i'th pixel intensity of the image observed at the k'th viewing zone͒ can be obtained as follows.
, respectively; w n,i,k denotes the contribution of the n'th subpixel to the intensity observed at the i'th lenticula, and can be represented as
and p LCD ͑n͒ denotes the n'th subpixel intensity and can be represented as
Note here that p LCD ͑n͒ can represent either the red, green, or blue component.
Proposed Compensation Scheme
In a practical lenticular system, a single subpixel value on the LCD pixel array may influence the pixel values of observed images at various viewing zones. As already discussed, if we assume that h is equal to or less than 2, the value of p LCD ͑10͒ in Fig. 5 simultaneously affects the second pixels of observed images at the first, second, and third viewing zones. Hence, if the value of p LCD ͑10͒ is updated to minimize the distortion of the second pixel of the observed image at the second viewing zone, the value of p LCD ͑11͒ must be changed to compensate the influence of p LCD ͑10͒ on the second pixel of the observed image at the first viewing zone. Consequently, the values of p LCD ͑12͒, p LCD ͑13͒ ,... should be changed. Therefore, to produce a multiview image for less distortion, the relationships between the subpixel values on the LCD pixel array and the observed images at each viewing zone should be described. Thereby, we can obtain the subpixel values using these relationships. However, by recalling that a pixel consists of red, green, and blue components, and h is assumed to be equal to or less than 2, the interdependent relationships can be converted into independent relationships. Hence, the observed pixel value at the k'th viewing zone can be composed of the weighted sum of 3 subpixel values at most. Since red, green, and blue subpixels are regularly repeated, the source of each color component of the observed pixel is limited to a single subpixel on the LCD pixel array. For example, the green subpixel p LCD ͑10͒ in Fig. 5 is the only subpixel that contributes to the green components of the second pixels of the images observed at the first, second, and third viewing zones. Therefore, if 6 Image observed by displaying a pattern that is designed to detect misalignment error.
Lee and Ra: Image distortion correction for lenticula misalignment… Hence, as an intermediate solution, we try to determine p LCD ͑n͒, n =1, ... ,3N W , which minimizes the total distortion. Generally, the total distortion due to the n'th subpixel p LCD ͑n͒ is as follows:
where W n = ͕w n,i,k ͉ w n,i,k 0 for ∀ ͑i , k͖͒. Then, the solution minimizing e͑n͒ is
To provide an accurate 3-D image through a 3-D display, the geometrical relationship between the LCD pixel array and the lenticular sheet should be precisely known to generate a multiview image that will be allocated to the LCD pixel array. However, as mentioned in Sec. 2, this relationship may not be known due to two major sources, namely, the nonparallel ray and alignment error problems. To solve the alignment error problem, we first detect the rotational and translational alignment error by using pattern images; and based on these error parameters, the geometric relationship between the LCD pixel array and the lenticular sheet is precisely predicted. Then, by tracing all the rays from a viewer's eye to the lenticular sheet, we find which pixels on the LCD pixel array are observed by a viewer located at a given position and accordingly compensate pixel values on the LCD panel. Through this compensation procedure, the nonparallel ray problem is naturally solved. In addition, although the viewer's position changes during observation, the proposed algorithm can adaptively provide 3-D images of good quality if the position information is available.
Experimental Results
To verify the proposed algorithm, we perform an experiment using several 3-D images of synthetic and real scenes. The adopted system is a nine-view lenticular display system. The resolution of the LCD panel is 1280ϫ 1024, and p is 0.4019 mm. Also, the vertical distance from a lenticula to the eye L D is set to 800 mm. To examine the image quality, we utilize pictures taken by a digital camera at each viewing zone.
Misalignment Detection
As noted in Sec. 3, for measuring the rotational alignment error, we generate a multiview image by setting the intensity of the subpixel values, R 1 , G 2 , B 3 , R 4 , B 5 , G 6 , R 7 , G 8 , and B 9 in Fig. 4 to 255. Figure 6 illustrates the observed image from a camera located very far from the LCD panel. As shown in the figure, the numbers of horizontal and vertical color changes are about 6.8 and 18, respectively. Thus, from Eqs. ͑5͒ and ͑10͒,
Also, by examining the order of color changes, we find that the signs of e p and e q are negative and positive, respectively. By using Eq. ͑21͒ and the obtained values e p and e q , we generate a multiview image to make the center ͑or the fifth͒ view image white and all the others black if e t is zero. By displaying the generated multiview image on the nineview lenticular display system, we find that the shifted amount of the viewing zone N t is 2. Thus, from Eq. ͑11͒, Fig. 9 Experimental results for a laboratory scene using ͑a͒ the conventional method and ͑b͒ the proposed method.
Fig. 10
Experimental results for a medical image using ͑a͒ the conventional method and ͑b͒ the proposed method.
Note that e p , e q , and e t in the preceding are the values normalized by the width of a subpixel. The actual values of ͉e p,N L ͉, ͉e q,N H ͉, and e t are 0.3036, 0.8037, and 0.0893 mm, respectively, because the width of a subpixel is 0.0893 mm. These small numbers make the precise alignment of the lenticular sheet difficult.
Comparisons of 3-D Images of Synthetic and Real Scenes
We first adopt two phantoms of a mesh and a sphere. For each phantom, nine synthetic view images are generated at different viewing zones. Then, two multiview images are generated using the conventional and proposed methods, respectively, and each of them displayed on the LCD panel. Figures 7 and 8 show the 3-D images observed at the center of the LCD panel. As expected, multiview images generated by the conventional method produce undesirable distortion. Since the view numbers of pixels on the observed image are gradually shifted along the horizontal or vertical direction due to the alignment errors e p and e q straight lines become bended. Also, at the locations where the view number is changed from N to 1, the alignment errors cause abrupt shifting of lines or boundaries. However, the proposed algorithm significantly reduces the distortions described above.
Figures 9 and 10 demonstrate the results from the laboratory scene and medical images. Multiview images generated by the conventional method produce abrupt changes in the 3-D images and cause straight lines to appear bended ͑see the left region of the laboratory scene͒. Again, similar to the phantom experiments, the proposed algorithm noticeably improves the displayed image quality.
Conclusions
We addressed the two major problems in a lenticular display system; namely, rays from the lenticulae to the viewer's eye are not parallel, and a lenticular sheet may not be precisely aligned on the LCD pixel array due to manufacturing error. Hence, the conventional multiview image can produce undesirable distortion in a 3-D image display. To alleviate this distortion, a new multiplexing method is proposed to generate a more appropriate multiview image. In manufacturing the lenticular display system, precise alignment of a lenticular sheet to the LCD panel is generally difficult, and the alignment error may vary depending on the product. This misalignment problem becomes more critical as the LCD resolution becomes higher. Thus, the proposed software compensation approach appears to be a very promising to prospect alleviate display errors according to the needs of a given product. In a given display system, all the hardware parameters and the corresponding optimum viewing distance are fixed. However, it is noted that the proposed algorithm can adaptively provide 3-D images of good quality in any viewing distance. 
